The Ela region of an Adenovirus 5 recombinant has been substituted by a modular gene encoding dihydrofolate reductase (DHFR). In this recombinant, the mouse DHFR cDNA was positioned behind sequences of the maior late promoter and the complete tripartite leader. The leader sequences end in the normal 5' splice site (SS) of the third leader, so that RNA splicing joins the tripartite leader to a 3' splice site immediately upstream of the DHFR cDNA. At late stages of infection, high levels of DHFR mRNAs were synthesized. At early times in the late stage, this mRNA was efficiently translated; however, at later times translation of DHFR decreased probably due to poor competition with other late mRNAs. Synthesis of DHFR protein from an analogous Adenovirus 5 recombinant containing only the first late leader was studied in parallel. Equivalent levels of DHFR mRNA were expressed after infection with this recombinant virus; however, the efficiency of DHFR translation was at least 20 fold lower than that of the DHFR mRNA containing the tripartite leader. This suggests that the tripartite leader sequence is important for translation in the late stage of infection. As reported previously, the Ad5 recombinant containing only the first leader vastly overexpresses polypeptide IX from a novel mRNA, formed by the splicing of the first leader in the modular DHFR gene to the 3' splice site in the Elb region. Cells infected with this recombinant synthesize very little normal mRNA from the Elb region. Here, we demonstrated that coinfectton of 293 cells with this recombinant and wild type Adenovirus 5 also results in decreased Elb mRNA synthesis.
INTRODUCTION
One of the hallmarks of adenovirus infection of human cells is the efficient expression of viral late proteins. This high level of synthesis is a consequence of both the amount of RNA transcribed from the adenovirus major late promoter (MLP) and the selective translation of late viral mRNAs.
In the late stage of infection, most of the cell's polyribosomes contain viral mRNAs. However, the mechanism by which viral messages are preferentially translated is not well understood. This control must involve the RNA polymerase III product V.A. RNA-I, as virus containing a mutation in 4-100 rau Ad5 (309) DNA (9) , and transfected onto 293 cells (10) . Virus was harvested after 8-10 days and recorablnants were detected by restriction enzyme screening of Hirt isolates (11) . The virus was plaque purified twice, on 293 cells, and stocks were prepared. Ad5 (nHFR-III) DNA is 103 mu in length.
RNA and Protein Analyses
Protocols for the analysis of protein either ir± vivo or by ln_ vitro translation have previously been described (4) . Likewise, the procedures for RNA detection by Northern or SI analysis have been detailed (4) . Three different types of RNA isolation were used. Total polyA(+) raRNA was prepared as described (4) . In addition, cytoplasmic RNA was isolated from cells washed in PBS and lysed by suspension in 0.3% NP40, 10 mM Tris pH 7.4, 150 mM NaCl, 1 mM MgCl 2 . The lysate was spun at 2000 g for 3 min at 4°C and the supernatant was mixed with an equal volume of 40% urea, 1% SDS, 350 mM NaCl, 100 mM Tris pH 7.4, 10 mM EDTA, then phenol extracted twice and ethanol precipitated. PolyA(+) mRNA was also isolated from this preparation. The nuclear pellet was resuspended in 1% SDS, 10 mM Tris pH 8, 1 mM EDTA and Hirt extracted (11) .
Materials
Restriction enzymes and T4 DNA ligase were from New England Biolabs and Bethesda Research Laboratories. T4 DNA kinase and Xhol linkers were from Collaborative Research. ST. nuclease and calf intestinal phosphatase were from Miles. All radioisotopes were supplied by New England Nuclear.
RESULTS

Insertion of the Ad2 Tripartite Leader into a Modular Gene Encoding DHFR
The progenitor plasmid (pDHFR-I) that was used in construction of a gene with the entire tripartite leader has been described in detail (4) . This modular gene is composed of segments containing the leftmost 350 bp of Ad5 (0-1 mu), the Ad2 maior late promoter (MLP) and adiacent first leader sequences, a 3' splice site from an immunoglobulin gene, a mouse cDNA segment encoding DHFR, and the SV4O early polyadenylation signal (Figure 1 ).
The complete tripartite leader was Inserted into pDHFR-I by subcloning into it the PvuII-XhoI fragment from pJAW DNA and the Ad2 Xhol-Sall segment from 26 mu. This reconstructed the tripartite leader with its normal 5' splice site. In order to assure that inadvertant base changes had not occurred in the sequences during manipulation, the pDHFR-III plasmid was end-labeled at the Xhol site and sequenced in both directions for approximately 150 bases.
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Soil (KObf>) Figure 1 . Construction of a modular gene encoding DHFR that contains the entire Ad2 tripartite leader
The details for the construction of pDHFR-III are given in the Experimental Procedures. Plasraids pBallD and pJAW (7) are Ad2 suhclones. pDHFR-III was sequenced in the region around the Xhol site, as indicated by asterisks and arrows.
No unanticipated changes were observed. Plasmids pDHFR-1 and pDHFR-III differ, therefore, only in the sequence content of the leader and in the 5' splice site sequences: pDHFR-I contains the first leader 5' splice site, while pDHFR-III contains the 5' splice site of the third leader.
Ad5(DHFR-III) virus stocks were generated by ligation of Xbal-cleaved pDHFR-III to a 4-100 mu fragment of Ad5(309) DNA, and transfection onto 293 cells (9) . In the course of constructing pDHFR-III, a plasmid containing the first and second leaders, and 2/3 of the third leader, was prepared ( Figure 1 ). This plasmid (pDHFR-II) was also used to generate virus. (B). SI nuclease resistant RNA/DNA hybrids were electrophoresed in a 1.4% agarose gel or glyoxylated and run on a 1.4% denaturing agarose gel, as described (4) . The probe used in the SI nuclease analysis was prepared from pDHFR-III by end-labeling at an Acc-I site. It extended to the Eco RI site, corresponding to the terminus of the viral DNA. Ad5(DHFR-I) and Ad5(DHFR-III) mRNAs differ both in the length of leader sequences, and in the 5' splice site sequences. Thus, spliced DHFR-I mRNA should yield a 510 N (native) and 470 N (denaturing) fragment, and unspliced DHFR-I mRNA should generate a 610 N (native) and 570 N (denaturing) segment. Spliced DHFR-IIT mRNA should yield a 670 N (native) or 470 N (denaturing) fragment, while unspliced DHFR-III would give a 880 N fragment in both gel systems. The 0.5 kb band observed for DHFR-III mRNA in the native gel is probably due to cleavage of SI nuclease at the splice site. to levels equivalent to that of normal polypeptide IX mRNA. This Ll-IX mRNA was more efficiently translated both in vivo (40 fold) and in vitro (10 fold) than normal polypeptide T.X mRNA (4) . In this study, we have confirmed these previous results and additionally established that the Elb 2.2 kb mRNA levels in Ad5(DHFR-l) late infected cells were less than that of w.t.
infected cells (Figures 2A and 4A ).
In contrast to the Ad5(DHFR-I) results, Ad5(DHFR-III) infected cells synthesized wt levels of both 1 kb and 2.2 kb Elb mRNAs ( Figure 4A ) and very little DHFR-EIb fusion mRNAs (Figures 2 and 4A ). The DHFR-EIb read through mRNAs yield P-labeled bands migrating slower than 2.2 kb in Figure 4A .
The levels of polypeptide IX mRNAs were examined by resolving the SI nuclease digested hybrids on a sequencing gel ( Figure 4B ). The initiation site for polypeptide TX mRNA is 13 N upstream of the 3' spice site in Elb and thus the probe protected by this mRNA can be detected by electrophoresis S-methionine for 1 hour, at the times indicated above. Extracts (16 hr) were then prepared and either analyzed by gel electrophoresis on a,12.5% acrylamide (38:1 acrylamiderbis) gel, or 5 times the amount of the S-methionine pulsed extract was immunoprecipitated with antisera against DHFR (the antisera did not give quantitative immunoprecipltation). Lysates from Ad5(DHFR-II) were also treated as in B, and immunoprecipltable protein was observed (data not shown). The levels of DHFR protein were quantitated by scanning the 11 and 16 hr gel lanes.
(C). Cytoplasmic mRNA isolated 6 (E) or 21 (L) hours postinfection was translated Jii vitro in a rabbit reticulocyte lysate as previously described (4) . RNA from 3T3 R500 cells, which have been methotrexate-selected for high DHFR gene copy numbers (13) , was translated in parallel. The S-labeled protein migrating at the position expected for DHFR, indicated above, was immunoprecipitatable with tt-DHFR (data not shown). Figure 4 . After SI nuclease digestion, the hybrids were resolved on a 6% sequencing gel under denaturing conditions (A), or a 1.4% agarose gel under nondenaturlng conditions (B). The band generated by hybridization to the polypeptide IX mRNA is indicated in A. Note that the lower band, produced by hybridization to 1.0 and 2.2 kb Elb mRNAs, is reduced after coinfections with Ad5(DHFR-I). The molecular weights indicated in B were determined using Hindlll digests of Ad5 DNA and Haelll digests of 0X174 DNA as markers. The various RNAs yielding particular SI nuclease resistant bandsman be deduced from Figure 4 . (C). 293 cells were pulsed for 1 hr with ' S-methionine, 20 hr after (co)infection, then lysed and analyzed on a 12.5% acrylamide (38:1 acrylamide:bis) gel. The mobility of the DHFR protein is indicated. The decrease in synthesis of DHFR protein after coinfection is due to inefficient translation of this mRNA during the latter stages of infection (see text).
region (see Figure 4C) Synthesis of mRNAs from the Elb region is due to initiation at two sites: the Elb promoter at 4.5 mu and the polypeptide IX promoter at 9.5 mu.
As mentioned above, mRNAs from both initiation sites are suppressed during 
